Three hundred and seventy 1-day-old male, white Leghorn chicks were divided into seven groups and fed a series of semipurified torula yeast diets either deficient in or supplemented with selenium and vitamin E. Chicks in each group were necropsied sequentially and the pancreata examined by light microscopy. Selected pancreata of selenium deficient chicks in various stages of the deficiency disease were examined by electron microscopy. Supplements of either selenium (0.2 mg/kg) or vitamin E (100 IU/kg diet) resulted in protection against pancreatic lesions. Changes in pancreata of selenium deficient chicks progressed from cytoplasmic vacuolation of acinar cell cytoplasm to focal disseminated acinar necrosis. There was ductular proliferation and interstitial fibrosis in advanced lesions. Acini around islets were less frequently affected than acini further away. Ultrastructurally, the mildest lesions were focal dilation of the endoplasmic reticulum and autophagic vacuoles in acinar cell cytoplasm. Necrotic areas contained both membranous and granular debris and fragments of intact endoplasmic reticulum. In fibrotic pancreata the main acinar cell changes were uniform dilation of endoplasmic reticulum and reduction in number of zymogen granules.
Pancreatic changes as a specific lesion of selenium deficiency in chicks have been described [27, 28] . Gross lesions were fibrosis and atrophy. Light microscopic changes were cytoplasmic vacuolation of acinar cells with hyaline body formation, scattered foci of necrosis and eventual fibrosis. Pancreatic islets were not affected. Supplementation with selenium after the development of lesions resulted in regeneration [ 131.
We have compared the macroscopic, microscopic and ultrastructural findings in pancreatic acini of selenium-deficient and control chicks and have proposed a pathogenesis for ultrastructural lesions and distribution patterns of microscopic lesions. We studied the effects of selenium, vitamin E and cystine on the pancreatic lesions.
Materials and Methods
Three hundred and seventy 1-day-old male, White Leghorn chicks were divided into seven groups. Groups and rations were as follows: group 1, a semipurified torula yeast basal diet deficient in both vitamin E and selenium [30] ; group 2, basal diet supplemented with 30 IU of d-a-tocopherol acetate (vitamin E)/kg of diet; group 3, basal diet supplemented with 0.4% 1-cystine/kg of diet; group 4. basal diet supplemented with 0.4% Icystine and 30 IU d-a-tocopherol acetatelkg of diet; group S, basal diet supplemented with 0.4% I-cystine and 100 IU d-a-tocopherol acetate/kg; group 6, basal diet supplemented with 0.2 mg/kg selenium as selenite; and group 7, a commercial diet (table I) . Feeding trials were from 20 to 38 days except for chicks in group 4 which were fed for up to 108 days.
Two or three chicks from each group were necropsied every second or third day except in group 4 in which necropsies were done at the end of each week during the feeding period. At necropsy, tissues from pancreas, brain, pectoral muscle and skin were fixed in 10% neutral buffered formalin. Tissues were embedded in paraffin, sectioned at 8 micrometers and stained with hematoxylin and eosin (HE).
Pancreatic tissue from selected chicks from selenium-deficient and control groups were prepared for electron microscopy. An effort was made to select samples from all stages of the pancreatic disease. The tissue was fixed in glutaraldehyde and then in osmium tetroxide and embedded in epon; 1-micrometer sections were cut from the plastic embedded blocks with an ultramicrotome, stained with new methylene blue and studied histologically. From selected blocks, additional 500 x lo-' mm thick sections were mounted on 400 mesh copper grids, stained with uranyl acetate-lead citrate and examined with an electron microscope.
Results
Chicks fed either the basal diet or the basal diet plus cystine developed exudative diathesis. There was pitting edema of the ventral abdomen with red blotchy areas several millimeters in diameter in the skin of severely affected chicks. Suffusive hemorrhages were seen in the skin over the distal limb joints of several chicks. Chicks became moribund within 72 hours of the appearance of these signs. Chicks in groups 2, 4, 5 and 6 showed no clinical signs except for slower growth than chicks in group 7.
The mildest pancreatic change was edema of the pancreatic surface and of the connective tissue within the duodenal loop. This was a transient change that disappeared almost immediately after the abdominal cavity was opened.
Mottling of the pancreatic surface was seen in severely damaged pancreata (fig. 1). The pancreatic surface remained smooth. Disseminated pinpoint pale gray foci were seen within normal white pancreatic tissue. There was no evidence of hemorrhage within the pancreas or surrounding tissues.
In chicks with the most prominent lesions, pancreatic mottling continued as a prominent feature. Additionally, pancreatic surfaces were pitted and granular. In birds in group 4 the terminal change was atrophy with reduction in size of the pancreas ( fig. 2 ).
Pancreatic lesions were most frequent in chicks fed either basal diet or basal diet plus cystine. Lesions in chicks fed basal diet plus 30 IU vitamin E/kg were intermediate in frequency and severity. Only two of 25 chicks fed basal diet plus cystine plus 100 IU vitamin E/kg had lesions. There were no gross lesions in chicks fed basal diet plus selenium or the commercial diet (table I) .
Myodegeneration was seen in many chicks fed either basal diet or basal diet plus cystine (table I) . Myodegenerative lesions were seen as either pale streaks or diffuse red hemorrhagic areas primarily in the pectoral and thigh muscles. Ultrastructural features of the exocrine pancreas of control chicks were similar to those described for mammals [7-91. Pancreatic acinar cell cytoplasm had a distinct apical to basilar organization. Dense homogeneous zymogen granules were concentrated in the apical cytoplasm. Occasionally mitochondria were scattered through the apical cytoplasm. The luminal plasma membrane of acinar cells formed microvilli and extended into the acinar lumen. Rough endoplasmic reticulum and the nucleus were the principal structures in the basilar cytoplasm. The endoplasmic reticulum was arranged in closely-packed parallel cisternae and contained moderately-dense flocculent material. In glutaraldehyde-fixed specimens there was clumping of nuclear chromatin along the internal nuclear membrane. Most acinar cell nuclei contained a single large nucleolus ( fig. 3 ).
Pancreatic ductular epithelial cells were cuboidal with luminal microvilli and basal nuclei. There were few organelles in ductular cell cytoplasm. Free ribosomes were numerous but rough endoplasmic reticulum rarely was seen. Adjacent ductular cells interdigitated extensively ( fig. 4) .
The earliest light microscopic lesion in affected pancreata was vacuolar degeneration of acinar cells. In some affected cells the nucleus was marginated by a single large vacuole containing eosinophilic debris comparable to hyaline bodies [13]; other cells had several small vacuoles ( fig. 5 ) . Vacuolar contents did not stain with osmium tetroxide and therefore did not contain neutral fat but instead represented hydropic degeneration.
Ultrastructurally , degenerated acinar cells had focal dilation of endoplasmic reticulum ( fig. 6 ). Small rounded cytoplasmic vacuoles were formed by widely distended segments of endoplasmic reticulum. Some vacuolated acinar cells also contained numerous large residual bodies. Residual bodies usually were in the basilar parts of the acinar cell and corresponded to the large vacuoles containing eosinophilic debris seen light microscopically and described as hyaline bodies by some researchers ( fig. 7 ). Organelles adjacent to residual bodies were intact and looked normal. Degenerated mitochondria, membranous debris and flocculent granular debris were within many of the residual bodies. Degenerated mitochondria were swollen and contained many electron-dense matrical granules. Remnants of cristae were easily recognized. The outer mitochondria1 membrane often was disrupted.
In pancreata with more advanced lesions, focal disseminated to diffuse coagulative necrosis of groups of acini was seen light microscopically ( fig. 8 ). Necrotic areas often were subcapsular and were from 100 to 250 micrometers in diameter. Necrotic tissue was collapsed and the overlying capsule was indented. Nuclear fragments were scattered throughout necrotic areas. Acini surrounding necrotic foci contained scattered acinar cells with vacuolar degeneration. Pancreatic ductules usually did not seem affected.
Even in the most severely damaged pancreata, clusters of normal acini were regularly seen around islets. Islets were preserved even in areas of the most extensive acinar necrosis ( fig. 8 ). Adipose tissue surrounding necrotic pancreatic acinar tissue also was normal. There was edema in involved pancreata, but hemorrhage was not seen.
Ultrastructurally, the outline of acinar units in areas of necrosis was barely discernible by observing the persisting collagen fibrils that outlined the periacinar interstitium ( fig. 9 ). Many necrotic acinar cells had lysed. The lysate was composed of a mixture of dense zymogen granules of various sizes and numerous membranous profiles. Remnants of plasma membrane could not be readily identified but apparently normal fragments of endoplasmic reticulum with attached ribosomes were seen even in areas of complete lysis. Occasionally larger fragments of vacuolated acinar cell cytoplasm with severely dilated endoplasmic reticulum were seen.
Occasionally surviving but changed acinar cells were found within necrotic acini. There was focal dilation of the endoplasmic reticulum as described above in mildly injured acinar cells. Nuclei looked normal. There was less zymogen than in acini of control chicks.
Proliferative changes were prominent in pancreata of many chicks fed selenium deficient diets for 20 days or more. Proliferation of ductules occurred within areas of necrosis. Proliferating ductules were lined by a low cuboidal epithelium with vesicular nuclei. Ductular cells had a high nuclear to cytoplasmic ratio. Increased mitotic activity was prominent within proliferating ductules. Cytoplasm of proliferating cells was pale and indistinct and contained no discernible zymogen granules ( fig. 10 ). Proliferating ductules had many branches. In some areas branching ductules seemed to terminate in clusters of cells that formed primitive acini.
Even in pancreata undergoing extensive proliferative changes, areas of recent necrosis were seen. There also were scattered areas with apparently normal acini that contained abundant zymogen granules.
In pancreata with ductular proliferation, the prominent ultrastructural feature was clusters of primitive undifferentiated cells with a high nuclear to cytoplasmic ratio ( fig. 11 ). Clusters of these primitive cells often were adjacent to well differentiated mature acinar cells ( fig. 11 ).
The cytoplasm of the undifferentiated cells contained many free ribosomes but only a few profiles of rough endoplasmic reticulum ( fig. 12 ). There were many large mitochondria with many cristae. The cytoplasmic ground substance was moderately dense. Nuclei were oval with considerable clumping of chromatin along the internal nuclear membrane.
Ultrastructural features of the undifferentiated cells were similar to those of ductular lining epithelial cells of control chicks. The plasma membranes of adjacent undifferentiated cells, however, were not intimately related; there were no tight junctions between adjacent cells.
Light microscopic features in the pancreata of chicks fed selenium-deficient diets for more than 35 days were mainly those of acinar cell atrophy and fibrosis. Acini were pale and were characterized by large dilated central lumina ( fig. 13 ). It was difficult to identify the boundaries of individual acinar cells and there was a piling up of nuclei at the periphery of the acinus. Individual acinar cells were more cuboidal than normal. There were few histologic lesions in the pancreata of chicks necropsied after day 56, although zymogen content was reduced.
Ultrastructurally, the most prominent intracellular change was severe dilation of endoplasmic reticulum and perinuclear cisternae ( fig. 14) . Many dilated cisternae contained central electron-dense granules. There were only a few mature zymogen granules within acinar cells. Mitochondria had normal cristae and a dense matrix.
There was separation of acini by thicker than normal interstitial connective tissue. The interstitium contained numerous collagen fibrils. Active fibroblasts were also plentiful within the interstitium. 
Discussion
Others have found that vitamin E did not protect chicks against pancreatic changes caused by selenium deficiency [27] but in our study, vitamin E at 30 or 100 IU/kg of diet reduced both the incidence and severity of pancreatic changes. Their selenium-deficient diet [27] was a purified amino acid diet extremely low in selenium whereas the basal diet in our study was a semipurified torula yeast diet with higher amounts of selenium (0.01 mg/kg). Vitamin E possibly is capable of providing some protection against pancreatic lesions that develop when moderately low amounts of selenium are fed. Cystine seemed to increase the incidence and severity of pancreatic changes but the reasons were not apparent.
Histologic pancreatic changes in selenium-deficient chicks have been described as hyaline body formation and vacuolation of individual acinar cells succeeded by fibrosis in the chronic phase; occasionally there were foci of acinar necrosis [13] .
Ultrastructural studies showed that early vacuolation of acinar cells was caused by focal dilation of endoplasmic reticulum and the formation of autophagic vacuoles. Dilation of the endoplasmic reticulum implies changed permeability of cellular membranes and supports the suggestion that selenium, as an integral part of the glutathione peroxidase system, protects cellular membranes from peroxidation damage. The autophagic vacuoles seen in our studies were similar to those de- scribed in the pancreata of normal dogs [14]. We did not see, however, autophagic vacuoles in the pancreata of control chicks.
Acini immediately surrounding islets were preserved, a particularly striking feature during acute necrosis. A possible explanation may be microenvironmental variations and microcirculatory patterns within the acinar pancreas. The intralobular pancreatic arterioles in mammals course directly to the pancreatic islets without supplying branches to the acinar tissue [ll , 121. In the islets the arterioles divide to form the insular capillary bed from which efferent arterioles radiate to the capillary beds of acini at some distance from the islet (zone of outer peri-insular acini) ( fig.  15 ). The zone of exocrine tissue immediately surrounding the islets (zones of inner peri-insular acini) have few capillary beds; it could be that these acini receive their principal nutrition by diffusion from the islet capillaries. Concentrations of insular hormones in the zones of inner peri-insular acini are thought to be quite high [ l l ] . In contrast, outer peri-insular acini at increasing distances from their associated islet receive blood with a gradually decreasing oxygen tension and reduced concentration of insular hormones.
Insular hormones, especially glucagon, directly influence exocrine pancreatic metabolism [2] . Pancreatic glucagon inhibits acinar cell enzyme secretion [6] . One theory may be that the inner zone of peri-insular acini is less actively secretory than the outer zone of peri-insular acini because of its higher local concentration of glucagon .
Variation in local secretory rates, when considered in conjunction with current concepts of the intracellular functions of vitamin E and selenium, suggests a possible explanation for the uneven distribution of acinar degeneration and necrosis. Vitamin E and selenium are believed to function intracellularly by protecting membrane systems from free radical oxidation [18, [23] [24] [25] [26] . It recently has been demonstrated that selenium is an integral part of glutathione peroxidase, an enzyme that is involved in the destruction of membrane damaging lipoperoxides [ l o , 181. Vitamin E serves as an in vivo antioxidant preventing the initial formation of lipoperoxides [26] . These intracellular functions of vitamin E and selenium would be most important in actively secreting acinar cells in which there is already increased membrane turnover [5] . Therefore, preservation of the inner zone of peri-insular acini may be caused by reduced secretion of pancreatic enzymes because of the inhibitory effects of relatively high local concentrations of glucagon. It remains to be established experimentally that metabolic rates of inner periinsular acini are different from those of outer peri-insular acini.
Acute pancreatic necrosis was followed either by attempts at regeneration in the very young or by interstitial fibrosis in older chicks. Regenerating pancreata could not be distinguished grossly from those in other stages of disease but fibrosing pancreata had pitted surfaces and were atrophic and firm. Electron microscopy provided evidence that regenerative attempts were the result of proliferation of small ductules. Electron microscopic features of cells in regenerating areas were similar to those described for cells in the embryonic rat pancreas at the 16th day of gestation [19] .
Preservation and proliferation of the ductules could be explained on the basis of function and ultrastructure. Ductular epithelial cells are believed to contribute no enzymes to the pancreatic secretion and function primarily in secreting fluid from the pancreas [9] . Ultrastructurally, the intracellular membrane system of these cells is poorly developed [9] and turnover of their membranes is likely to be low compared with the active protein-producing acinar cells. Tissue deficiency of vitamin E and selenium would be expected to be much less critical to the survival and proliferation of ductular lining cells than to the survival of pancreatic acinar cells.
The concept of regeneration of the exocrine pancreas after injury is not without precedent. Regeneration after ethionine intoxication results from acinar cell division rather than from ductular proliferation [33] . Limited regeneration of acinar cells also has been reported after partial pancreatectomy [21] . Proliferation of ductular cells of the pancreas has been described in later phases of Venezuelan equine encephalomyelitis in horses [16] .
The principal changes in pancreata of chicks with predominent fibrosis after injury were acinar disorganization and dilation of the endoplasmic reticulum of acinar cells. Dilation of the endoplasmic reticulum may indicate damage to plasma membrane leading to changed membrane permeability with resulting intracellular fluid imbalance and perhaps change in protein secretion. As for the acute lesions, changes in the endoplasmic reticulum may be explained on the basis of intracellular deficiency of selenium-dependent glutathione peroxidase and resultant free radical damage to membranes. Others have reported, however, that there is no correlation between glutathione peroxidase activity in either the pancreas or the plasma with the degree of pancreatic fibrosis in selenium-deficient chicks [3] . Structural changes similar to those seen in our studies have been described in investigations evaluating the effects of ionizing radiation on the exocrine pancreas [32] . The formation of various cytoplasmic membrane-bound bodies containing damaged cytoplasm after exposure of the exteriorized canine pancreas to a single heavy dose of roentgen rays has been described [32] . These membrane-bound bodies were defined as autophagic vacuoles and were similar to those seen in the pancreata of various animal species treated with ethionine [15] and cobaltous chloride [17] . Later changes in the irradiated exocrine pancreas included a decrease in the number and size of mature zymogen granules, a change we also saw in the chronic phase of selenium deficiency. Since ionizing radiation is believed to result in damage to cellular membranes, as does selenium deficiency, it is not surprising that the lesions induced by the two are similar.
Structural changes similar to those seen in pancreata of selenium-deficient chicks in our study also have been well documented in naturally occurring cases of protein malnutrition in man [ l , 4, 22, 29, 311 . It has been suggested that kwashiorkor is essentially a pancreatic disorder with secondary changes in the liver and kidney [4] . Histologic changes in the pancreata of persons suffering from protein malnutrition included vacuolization of acinar cells, acinar cell atrophy with a reduction in the number of zymogen granules and mild to marked interstitial fibrosis [29] . Ultrastructurally, there was dilation and reduction in quantity of endoplasmic reticulum, reduction in numbers of mitochondria, and an increase in number of cytoplasmic bodies resembling lysosomes [ 11. Whether or not the pancreatic changes of protein deficiency in man may be related to a concomitant selenium deficiency has not been examined. 
